ABSTRACT Use of ingested transgenic corn tissue as a marker for measuring movement of adult Diabrotica virgifera virgifera (LeConte) (Coleoptera: Chrysomelidae; western corn rootworm) was investigated. Laboratory observations of beetles feeding on corn foliage, pollen, silks, or soybean foliage provided background on feeding patterns. The interval between food consumption and its appearance in feces (gut passage time) ranged from 102.7 Ϯ 11 min for soybean foliage to 56.7 Ϯ 2.9 min for corn silks. In a laboratory assay, protein expression tests identiÞed the presence of Cry3Bb1 protein inside 50% of adult D. virgifera for up to 16 h after they had last consumed 
THE WESTERN CORN ROOTWORM, Diabrotica virgifera virgifera (LeConte) (Coleoptera: Chrysomelidae), presents an increasingly challenging management problem to corn producers across portions of the eastern Cornbelt. Since the mid-1990s, the spread of a D. virgifera population with behavioral resistance to crop rotation ("rotation resistance") has forced producers to return to soil insecticide use to protect corn from D. virgifera injury (Onstad et al. 1999 , Levine et al. 2002 . Before the rise of rotation resistance, female D. virgifera oviposited almost exclusively in cornÞelds. Because D. virgifera larvae emerging from those eggs the following spring must feed on corn roots to survive, rotating corn with a crop, like soybean [Glycine max (Merrill)], on which the larvae cannot survive, provided excellent cultural control. As a consequence of the widespread adoption of crop rotation, strong selection for D. virgifera with resistance to crop rotation was imposed. It is hypothesized that this selection generated a D. virgifera population in which a high proportion of females exit cornÞelds to oviposit in soybean Þelds (and other locations in addition to cornÞelds). As a consequence of this behavioral resistance, growers in east-central Illinois and western Indiana have experienced devastating economic losses caused by D. virgifera larval injury to Þrst-year corn since 1995. For these growers and those in parts of Michigan and Ohio, where this problem has now spread, the only option to manage this pest is a planting-time application of soil insecticide (Levine et al. 2002) .
Because a shift in patterns of adult D. virgifera activity plays a major role in rotation resistance, research into the proximate mechanism(s) of this resistance has focused on D. virgifera movement within and between corn and soybean Þelds. It is known that western corn rootworm interÞeld movement has a strong diel periodicity (Isard et al. 2000) , the majority of moving beetles are female (Levine et al. 2002) , and interÞeld movement occurs throughout the season (Levine et al. 2002) , although corn and soybean phenology differences can bias beetle tendencies to move in either direction (Darnell et al. 2000 ,OÕNeal et al. 2002 . While in soybean Þelds, D. virgifera adults also feed on soybean foliage. Although their feeding does not reduce soybean yield (Levine et al. 2002) , soybean herbivory can signiÞcantly increase D. virgifera activ-ity and inßuence patterns and likelihood of oviposition in the presence of soybean (Mabry 2002, Mabry and Spencer 2003) . Mabry and Spencer (2003) hypothesize that the behavioral consequences of soybean herbivory may provide a proximate mechanism for the D. virgifera adults return to cornÞelds. Factors that inßuence the activities and movement of rotationresistant D. virgifera within cornÞelds are not well understood.
The need to understand D. virgifera movement within cornÞelds gained new urgency when a rootworm-protected transgenic corn variety (i.e., ÔYield-Gard RootwormÕ, formerly known as Event MON863; Monsanto Co., St. Louis, MO) began the process toward registration and commercialization. Expressing a Bt (Bacillus thuringiensis)-plant incorporated protectant (Cry3Bb1 protein) with speciÞcity against larvae of several species of Diabroticite beetles, ÔYield-Gard RootwormÕ would target D. virgifera. Given the shrinking number of management options available to growers in the rotation-resistance problem area, it is understandable that commercialization of a Bt-transgenic corn offering root protection was much anticipated.
The potential for development of broadscale resistance to particular Bt-plant incorporated protectants and Bt technology in general warrants action to reduce the risk of Bt resistance and to preserve both the current and future use of Bt (Environmental Protection Agency OfÞce of Pesticide Programs 2001). The U.S. Environmental Protection Agency (EPA) has mandated insect resistance management (IRM) plans for all transgenic crop varieties with Bt-plantincorporated protectants (Environmental Protection Agency OfÞce of Pesticide Programs 2001). A key element of IRM plans for Bt crops is the planting of non-Bt refuges designed to provide a large reservoir of Bt-susceptible adult insects that will disperse and randomly mate with Bt-resistant adults emerging from nearby Bt crops. The appropriate size and placement of the refuge depends on the amount of Bt expressed in the plant, how susceptible the pest is to the Bt protein, and mobility of the target pest. For Bt transgenic corn varieties targeting the European corn borer, Ostrinia nubilalis (Hü bner), a pest that is very mobile during its mating period, a 20% refuge (50% in areas where cotton is also grown) located within 0.5 mile (805 m) of each Bt cornÞeld is required (National Corn Growers Association 2001).
The IRM plan for ÔYieldGard RootwormÕ includes a 20% structured non-Bt refuge (Environmental Protection Agency OfÞce of Pesticide Programs 2003). Whether a particular refuge design promotes adequate mating between rootworms from the Bt crop and the non-Bt refuge will depend on how well the relative size and placement of crop and refuge Þelds are matched to the movement capabilities of D. virgifera adults. Because of the deÞning role adult D. virgifera movement plays in refuge success, quantifying beetle movement patterns in the Þeld was necessary to establish a workable refuge design.
Numerous studies have examined adult D. virgifera movement capabilities and factors that affect patterns of dispersal at many spatial and temporal scales (Van Woerkom et al. 1980 , 1983 , Coats et al. 1986 , 1987 , Grant and Seevers 1989 , Lance et al. 1989 , Naranjo 1990a , b, 1991 . Few of these, however, report movement capabilities and patterns for individual insects in the Þeld in enough detail to be useful to integrated pest management (IPM) practitioners or modelers evaluating IRM design options. Detailed insect activity data are often obtained by directly observing insects or applying mark-release-recapture methods to quantify movement parameters. Many techniques have been used to mark and release individual insects so that they may be identiÞed if later recaptured at another location (reviewed by Hagler and Jackson 2001) . Mass-marking techniques have been used in D. virgifera Þeld and laboratory dispersal studies (Lance and Elliott 1990 , Naranjo 1990b , OloumiSadeghi and Levine 1990 . Since the evolution of rotation-resistance among the D. virgifera population in east-central Illinois, extremely high D. virgifera abundance has made monitoring beetle dispersal using mark-release-recapture methods very challenging. Locally, D. virgifera are so abundant that it is difÞcult to mark enough individuals to assure that a reasonable number of marked insects will later be recaptured. The logistics of collecting, handling and marking so many D. virgifera led us to consider a novel alternative to standard mark-release-recapture methods.
In preliminary tests, we found that protein analytical methods used to verify expression of the Cry3Bb1 protein in corn tissues could also identify the presence of Cry3Bb1 protein in D. virgifera adults that had fed on Cry3Bb1 corn tissues. Though Cry3Bb1 protein expressed in ÔYieldGard RootwormÕ corn roots is toxic to corn rootworm larvae, there are no demonstrated acute toxic effects on the adults; they can be observed entering strips of ÔYieldGard RootwormÕ corn within larger plots of nontransgenic corn where they readily feed on the above-ground portions of Cry3Bb1 corn (J.L.S., unpublished data). Dr. Lance Meinke (University of Nebraska) has observed reduced longevity and fecundity among females reared on Cry3Bb1 expressing tissue in a no-choice situation, but notes no short-term mortality, knockdown, or evidence that beetles detect or are repelled by the Bt toxin in ÔYieldGard RootwormÕ tissue (L. Meinke, personal communication).
We postulated that D. virgifera feeding in plots of ÔYieldGard RootwormÕ corn would expose far more insects to a distinctive, unambiguously identiÞable marker (Cry3Bb1 protein) than we could manually mark, release, and recapture using standard methods. However, because the test detects materials passing through the D. virgifera digestive system, we recognized a need to understand how long ingested food materials remained in the gut and whether different corn tissues or feeding patterns could alter gut passage rates.
The goals of this study were to (1) quantify D. virgifera feeding and gut passage patterns for a variety of plant tissues eaten in the Þeld, (2) evaluate the feasibility of using protein analytical methods to detect Cry3Bb1-protein in the gut contents of D. virgifera adults that previously fed on ÔYieldGard RootwormÕ corn, (3) quantify the dynamics of postfeeding CryBb1 protein detection in D. virgifera adults, and (4) use transgenic tissue detection to estimate movement rates out of ÔYieldGard RootwormÕ corn for D. virgifera adults that fed in isolated strips of ÔYieldGard RootwormÕ corn and moved known distances through contiguous corn and soybean plantings.
Materials and Methods

Insects and Rearing
Adult D. virgifera were used for all experiments. Beetles used in the Cry3Bb1 protein detection calibration study were the offspring of females collected as larvae from Þrst-year cornÞelds in Champaign County, IL (crop rotationÐresistant population) or from continuous cornÞelds in Warren County, IL (crop rotationÐsusceptible population) during 2000. Corn (ÔRogers Prime Plus VPÕ, yellow SN2 78-d maturity sweet corn) for rearing D. virgifera adults was grown in 30-cm-diameter pots of greenhouse potting mixture with a 6-cm layer of clay soil incorporated into the mixture at the level of the seed. The corn was grown in a 22ЊC greenhouse room at the Illinois Natural History Survey and watered from the bottom using saucers. When the potted corn was at the V5Ð V10 stage, 20 Ð30 D. virgifera eggs were inoculated into the soil at the base of each plant using an eyedropper. Approximately 4 wk after egg inoculation, adult D. virgifera began to emerge; the corn plants were then cut off at soil level, and each pot was covered with a piece of Þberglass screen secured with a large rubber band. The surface of each pot was lightly sprinkled with watered each day to keep the soil moist and facilitate adult emergence. Newly emerged D. virgifera adults were collected each morning and held in mixed-sex group cages with food (greenhouse-raised corn foliage, silks, and pollen) and water. Beetles were 6 Ð 8 wk old at the time of the calibration study; beetles used to detect the Cry3Bb1 protein in our Þeld study were collected from a natural infestation of the rotation-resistant population at the Champaign Co., IL, study site.
Gut Passage Time Study
The insects used in this study were reared from egg-to-adult on potted sweet corn as described above. Adults were collected daily during the emergence period (3Ð17 May 2001) and transferred to population cages, where they were allowed to mate. Females used in the gut passage time study were withdrawn and used when Ϸ1Ð 4 wk old. Groups of D. virgifera adults were held without food (water was always available) overnight on the day before testing. The following morning, one of Þve diet treatments was provided in the center of a 6-cm-diameter petri dish lined with moist Þlter paper: (1) soybean foliage, (2) young corn foliage (prereproductive stage), (3) corn pollen, (4) corn silks, or (5) no food at all. Observations began immediately after individual beetles were distributed to the dishes. Observers watched the beetles continually and recorded (1) latency to feed, (2) meal length (a meal was deÞned as an uninterrupted period of continuous feeding), (3) latency to defecation (time between Þrst consumption of treatment diet tissue and the Þrst subsequent production of feces), (4) times of defecation, and (5) notes about general activity. Each observer was responsible for watching no more than Þve insects at a time.
Beetles were allowed to feed on the Þrst diet treatment until feces containing tissue from that treatment were produced (distinguishing visual characteristics of the tissues [e.g., cell shape, color, particle size, etc.] made this possible and allowed later discrimination between feces containing different diet treatments). Once material from the Þrst diet appeared in feces, the beetle was transferred to a fresh petri dish provisioned with a different diet treatment (diet 2). By recording the time when the insect Þrst fed on diet 2 and noting when diet 2 material appeared in the feces, we could determine the gut passage time (i.e., the time for the Þrst material from a meal to pass completely through the digestive system) for the tissues from diet 2. Feces composition was conÞrmed at the end of an observation session under 100ϫ magniÞcation. Observation session duration was 2Ð 4 h. A total of 387 female D. virgifera were observed; 182 individuals eventually passed feces containing diet 2 material and were used for meal length, time feeding, and gut passage time analyses. Beetles that fed on diet 1 but refused diet 2 could not be used to measure gut passage time but could provide data useful to compute feeding latency, percent time feeding, and defecation rate.
MON863 Corn and Cry3Bb1 Protein Expression Assay
ÔYieldGard RootwormÕ corn expressing the Cry3Bb1 protein from B. thuringiensis and materials necessary to detect the presence of Cry3Bb1 protein in corn and insect samples were supplied by Monsanto Co. Potted ÔYieldGard RootwormÕ corn and nontransgenic sweet corn plants were grown in a 22ЊC greenhouse at the Illinois Natural History Survey using methods described earlier. Silks used to feed the study insects were collected from inside ears of corn after pollen shed had occurred. Cry3Bb1 expression in the corn silk was veriÞed with Cry3Bb1 protein expression tests (i.e., GeneCheck lab test kit; SDI-Stategic Diagnostics, Newark DE) before tissues were fed to beetles.
The Cry3Bb1 protein detection assay involved placing a small amount of plant tissue or a whole D. virgifera beetle into a 1.5-ml microcentrifuge tube containing 0.5 ml of 10 mM phosphate buffered saline (pH 7.4, 0.05% Tween 20). Before any of the test insects were evaluated for the presence of Cry3Bb1 in their bodies, each individual was washed with water and blotted dry to remove any adhering plant tissue. A pestle, its tip coated with a garnet powder abrasive, was inserted into the bottom of the tube and spun between the Þngers for 30 Ð 45 s to thoroughly grind the sample. When the sample was ground, a Cry3Bb1 protein expression dipstick (SDI, Newark, DE) was inserted into the sample and allowed to sit undisturbed as sample solution was wicked up the dipstick. All steps in the Cry3Bb1 protein-detection process were conducted at room temperature. Pestles were washed with mild dish soap, rinsed in tap water, and air dried after each use. After 10 min, one or two red lines were visible on the results window of the dipstick. A single line near the top of the results window indicated that the assay ran properly. A second line appearing lower in the results window indicated the presence of Cry3Bb1 protein or any epitope fragment of Cry3Bb1 in the sample. Initial gene check readings were taken 10 Ð20 min after dipsticks were inserted into the processed samples. A second reading was made 24 h after testing to conÞrm results. Tests conducted on control treatment beetles were never Cry3Bb1-positive.
Cry3Bb1 Protein Detection Calibration Study
This study was designed to establish a relationship between the time since last feeding on ÔYieldGard RootwormÕ corn silks and the proportion of insects that would test positive for the presence of Cry3Bb1 protein. This study consisted of eight controls and postfeeding interval treatments and used 110 beetles from each D. virgifera population (n ϭ 220). Before the study began, the hunger status of the test insects was equalized by starving all insects for 48 h (water was always available) before feeding them nontransgenic corn silk for 12 h and starving them overnight before the study began. Before feeding any insects on ÔYieldGard RootwormÕ corn silks, Þve beetles were removed from each population cage and frozen at Ϫ80ЊC to serve as pretreatment negative controls. The remaining 210 beetles were divided into 14 groups of 15 beetles (7 groups from each insect population). One group from each D. virgifera population was randomly assigned to one of seven treatments: 0, 1, 2, 4, 8, 16, or 32 h since last feeding on corn silks from ÔYieldGard RootwormÕ or nontransgenic sweet corn. Twelve of the 15 beetles in a group were placed in a 0.72-ml plastic cup containing silks from ÔYieldGard RootwormÕ corn; the remaining three were placed into an identical cup with silks from nontransgenic sweet corn. After the beetles had fed for 2 h, the beetles from the "0 h" treatment were removed from their cups of ÔYieldGard RootwormÕ or nontransgenic sweet corn silks and frozen at Ϫ80ЊC. The remaining beetles were removed from their feeding cups and placed into new cups containing nontransgenic sweet corn silks where they could continue to feed. At 1, 2, 4, 8, 16, and 32 h after the transfer to nontransgenic silks, 12 beetles from each population that initially fed on corn silks from ÔYieldGard RootwormÕ and three control beetles that initially fed on nontransgenic silks were collected and also frozen at Ϫ80ЊC. Processing to detect the presence of Cry3Bb1 protein proceeded as described above. The order of processing within a treatment was randomized.
Cry3Bb1 Protein Detection Field Study
Evaluation of Þeld-caught D. virgifera for the presence of Cry3Bb1 protein used an existing a 23 m by 146 m research cornÞeld divided into 24 eight-row (0.76 m row width) plots marked off with wooden stakes. Each plot was contiguous and immediately adjacent to neighboring plots. Monsanto ÔYieldGard RootwormÕ corn and its nontransgenic isoline were growing adjacent to each other in four replicate pairs of plots randomly distributed in the Þeld. The remaining 16 plots contained other transgenic events (all nonÐCry3Bb1 protein-expressing) and their respective isolines. A second, identically sized cornÞeld containing the same sets of randomly assigned transgenic and isoline corn varieties was located 7.5 m across a grassy Þeld alley to the west of the test plot. Regulations governing experimental use and disposition of the transgenic varieties in 2001 required strict spatial isolation (Ͼ201 m) between these Þelds and other cornÞelds; no other ÔYieldGard RootwormÕ corn was growing within several miles of the research cornÞeld.
Cornfield Beetles. On 28 July 2001, Ϸ60 Ð70 adult D. virgifera were collected in each of the 24 corn plots by walking down the middle rows of each plot and brushing beetles from their feeding sites on the corn silks into a funnel-topped collection jar. The plants were in the R2ÐR3 stage, and no fresh pollen was available. After each collection, the insects were immediately frozen and stored in a glass vial on dry ice. A sample of corn silk from a plant in the center of each plot was removed and placed in the vial with the frozen insects. These silks were used to verify the Cry3Bb1 expression status of the plants in a plot.
Soybean Field Beetles. Using a 38-cm-diameter sweep net, adult D. virgifera were also collected from the canopy of a soybean Þeld immediately adjacent to the east side of the cornÞeld containing the ÔYieldGard RootwormÕ plots. Each 100-sweep sample ran parallel to the east edge of the cornÞeld. Samples were collected at 1, 2, 4, 8, 16, 32, and 64 rows away from the cornÞeld and frozen on dry ice.
Flying Beetles. In the early evening (1915Ð1930 h), after corn and soybean Þeld insects were collected, beetles ßying between the two cornÞelds containing the strips of ÔYieldGard RootwormÕ corn were collected with an insect net from the alley between the two Þelds. These beetles were frozen on dry ice at the end of the 15-min sampling period and later transferred to Ϫ80ЊC storage until tested for Cry3Bb1 protein presence, as described above.
Test Insect Selection. Twenty beetles of each sex were randomly selected and processed from those collected in each of the corn plots. All but 10 of the insects in each sweep sample or aerially-collected sample from between the cornÞelds were used in the Cry3Bb1 expression tests. Unprocessed insects (kept for future reference) were returned to storage at Ϫ80ЊC .
Analyses
Behavioral measurements from the gut passage study were analyzed using analysis of variance (ANOVA) at ␣ ϭ 0.05 and FisherÕs protected least signiÞcant difference (PLSD). The proportions of D. virgifera beetles testing positive for the presence of Cry3Bb1 protein within each corn plot or soybean Þeld row were arcsine transformed and analyzed using methods of Zar (1996) for comparing multiple proportions. FisherÕs exact test was used to compare the proportion of positive male and female beetles in each soybean row adjacent to ÔYieldGard RootwormÕ corn.
Results
Gut Passage Time Study
There were no signiÞcant effects of D. virgifera rotation resistance status on feeding behavior (mean meal length: F ϭ 0.29; df ϭ 1, 132; P ϭ 0.59; percent time feeding: k ϭ 2, q ϭ 0.19, P Ͼ 0.5; mean gut passage time: F ϭ 0.85; df ϭ 1,132; P ϭ 0.36); data were pooled across culture source for analyses. The feeding behavior of D. virgifera adults was signiÞcantly different across the diet 2 treatments (Fig. 1, AÐC) . Mean meal length was greatest when beetles were feeding on corn silks (F ϭ 16.89; df ϭ 3, 174; P Ͻ 0.0001). The proportion of time feeding on corn silks was signiÞ-cantly greater than the proportion of time feeding on soybean foliage (k ϭ 4, q ϭ 5.22, P Ͻ 0.005) and corn pollen (k ϭ 4, q ϭ 4.75, P Ͻ 0.005), but not different from the proportion of time feeding on corn foliage (k ϭ 4, q ϭ 2.25, P Ͼ 0.2). The gut passage time was signiÞcantly faster for corn silks (gut passage time ϭ 56.7 Ϯ 2.9 min) than any other diet treatment (F ϭ 14.78; df ϭ 3,178; P Ͻ 0.0001). Insects that were feeding before introduction of diet 2 had signiÞcantly faster gut passage times (F ϭ 24.34; df ϭ 1,180; P Ͻ 0.0001), signiÞcantly shorter latencies to production of Þrst feces (F ϭ 108.38; df ϭ 1, 328; P Ͻ 0.0001), and faster defecation rates (F ϭ 20.51; df ϭ 1,378; P Ͻ 0.0001) than insects that had not been feeding (Fig. 2,  AÐC) . In general, deposition of two to three fecal pellets occurred before ingested food Þrst appeared in feces.
Cry3Bb1 Protein Detection Calibration Study
The proportion of D. virgifera adults testing positive for the presence of Cry3Bb1 protein after feeding on ÔYieldGard RootwormÕ corn silks was signiÞcantly higher than the negative controls for all postfeeding intervals up to and including 16 h, by which time 50% of beetles remained Cry3Bb1-positive (Fig. 3) . No insects were Cry3Bb1-positive from the 32 h postfeeding interval. None of the pretreatment negative controls or any of the postfeeding negative controls ever tested positive for Cry3Bb1 protein. A linear regression of the number of Cry3Bb1-positive beetles on hours since feeding on transgenic corn was highly signiÞcant (F ϭ 365.2; df ϭ 1, 6; P Ͻ 0.0001; r 2 ϭ 0.986; Fig. 3 ). There was no signiÞcant effect of beetle sex on the overall proportion of adults that tested positive for Cry3Bb1 protein (female positive proportion ϭ 0.82, male proportion ϭ 0.68; Z ϭ 1.758; P Ͼ 0.05), nor did the proportion of positive females signiÞcantly exceed that of males at any postfeeding interval. There was also no signiÞcant effect of D. virgifera rotation resistance status on the proportion of positive insects from either population (Warren Co., proportion positive ϭ 0.74, n ϭ 84; Champaign Co., proportion positive ϭ 0.73, n ϭ 84; Z ϭ 0.088; P Ͼ 0.5).
Cry3Bb1 Protein Detection Field Study
Cornfield Beetles. ÔYieldGard RootwormÕ corn plots (2, 9, 13, and 22) contained signiÞcantly higher proportions of D. virgifera adults testing positive for Cry3Bb1 protein than nearby plots (Fig. 4) . The proportion positive for Cry3Bb1 protein was also elevated in nontransgenic corn plots adjacent to those where ÔYieldGard RootwormÕ corn was grown. The proportion of D. virgifera positive for Cry3Bb1 protein declined signiÞcantly with increasing distance from the nearest ÔYieldGard RootwormÕ plot (Fig. 5) . There was no effect of beetle sex on the overall proportion that were Cry3Bb1-positive (FisherÕs exact test: 2 ϭ 0.053; df ϭ 1; P ϭ 0.82,) or at any given distance from ÔYieldGard RootwormÕ plot (data not shown).
Most (52/61, 85.3%) Cry3Bb1-positive D. virgifera detected outside of ÔYieldGard RootwormÕ plots were captured within one eight-row plot of a Cry3Bb1 source (Fig. 5) . Basing calculations on a 16 h postfeeding, Cry3Bb1 detection interval (when about 50% of insects were still Cry3Bb1-positive; Fig. 4 ), most D. virgifera were estimated to be moving through R2ÐR3 corn at Յ9.1 m/d [(6.08 m/16 h detection interval) ϫ 24 h/d]; that rate is cut by half to Յ4.6 m/d if the broadest postfeeding, Cry3Bb1 detection interval, 32 h (when no insects remained Cry3Bb1-positive), is used. As a compromise between liberal and conservative detection intervals, estimates of movement rates are reported as ranges based on calculations using both 16 and 32 h detection intervals. Capture of two D. virgifera that were four plots (32 rows) from ÔYieldGard RootwormÕ (the greatest distance from ÔYieldGard RootwormÕ corn possible within this Þeld conÞguration) suggests a maximum movement rate estimate of between 18.3 and 36.6 m/d. Soybean Field Beetles. A greater proportion of D. virgifera males captured in soybean were Cry3Bb1-positive than females (FisherÕs exact test: 2 ϭ 19.44; df ϭ 1; P Ͻ 0.0001). The proportion of Cry3Bb1-positive males and females both declined with increasing distance from the cornÞeld. There were signiÞ-cantly greater proportions of Cry3Bb1-positive males than females in soybean at several distances away from ÔYieldGard RootwormÕ plots (Fig. 6) 
Discussion
Gut Passage Time Study
Before detection of ingested Cry3Bb1 protein contained in ÔYieldGard RootwormÕ corn tissue could be used to estimate D. virgifera movement, it was necessary to understand the dynamics of beetle food processing. A corn tissue that was not regularly consumed by insects in the Þeld or one that was eaten only intermittently would be a poor candidate tissue to use in determining the postfeeding detection interval. Among the available corn tissues tested, the feeding response to corn silks suggested it would be wellsuited to use in calibrating the detection interval; beetles in the presence of corn silks fed for the greatest proportion of time and their meal lengths were longest. In addition, ÔYieldGard RootwormÕ corn silks, despite having the lowest reported Cry3Bb1 protein content (10 g/g fresh weight) among the tissues we tested (pollen ϭ 62 g/g; foliage ϭ 81 g/g) (Rose 2002) , reliably returned positive test results with the SDI-Stategic Diagnostics, Inc. Gene Check strips. These factors, along with the predominance of silk feeding at the time of the experiment, were important in selecting corn silks as the tissue to use for the Cry3Bb1 protein detection calibration study (see below).
The measures of D. virgifera feeding behavior provided additional information useful to interpretation of the transgenic tissue detection results arising from the Þeld study (see below). Although feeding behaviors varied signiÞcantly among plant tissues, the range of gut passage times among all four tissues was only modest: 56.7 Ϯ 2.9 min for corn silks to 102.7 Ϯ 10.7 min for soybean foliage. Compared with the Cry3Bb1 detection interval of 16 Ð32 h, the narrow range of visually determined mean gut passage times suggests that D. virgifera digestive processes may be more complex than Þrst imagined.
These data also revealed that gut passage time was signiÞcantly inßuenced by whether the D. virgifera adults had fed or not before introduction of a treatment diet. Beetles that were starved overnight had signiÞcantly slower gut passage times than beetles that were feeding when the treatment diet was introduced. Dissection of 25 D. virgifera adults that were starved for varying intervals (2.5Ð 8.5 h after access to corn foliage) revealed that some detectable corn foliage remained in the digestive system of 80% of the insects Ͼ8 h after their last feeding opportunity. Insects that do not feed apparently retain material from their last meal for long periods; the rate of feeding can affect the rate of D. virgifera digestion and gut passage. When the feeding rate is high, newly eaten food pushes previously eaten food through the digestive system, increasing the rate at which feces are discharged. The gut passage time for corn silks may have been the fastest, not because corn silks are easiest to digest, but perhaps because beetles spent a greater proportion of their time feeding on them than other foods. We postulate that when host tissues, like corn silks, are available in the Þeld, D. virgifera adults will feed at a rapid rate and gut passage time will be as fast as 1Ð1.5 h.
Cry3Bb1 Protein Detection Calibration Study
The Cry3Bb1 protein expression tests that we used for our assays were designed to identify plants that express the Cry3Bb1 protein. We have demonstrated that these tests have sufÞcient sensitivity to identify the presence of Cry3Bb1 protein in D. virgifera adults that last consumed corn silks from ÔYieldGard RootwormÕ corn within the previous 16 Ð32 h. Selecting a postfeeding detection interval based on a time when 50% of insects were still Cry3Bb1-positive (i.e., 16 h) reßects a focus on the average behavior of beetles. However, this assignment does not account for possible departures from linearity in the tail of the detection function that were beyond the resolution of our experiment. As a compromise between liberal and conservative interpretations of the Cry3Bb1 protein detection function, we have chosen to report movement estimates as a range based on the Þnal two data points that were Þxed in our calibration study.
The 16-to 32-h detection interval for Cry3Bb1 protein after feeding on ÔYieldGard RootwormÕ corn silks is much longer than the visually observed gut passage time of Ϸ1 h for corn silks (Fig. 1) . A slow rate of feeding and digestion could account for the linear response and lengthy postfeeding detection interval. It is possible that some beetles did not feed after they were moved to non-Cry3Bb1 corn and therefore retained previously eaten tissues containing Cry3Bb1 protein in their gut longer than actively feeding insects. However, the insects in this experiment had ad libidum access to an abundance of non-Cry3Bb1 silks (silks are a preferred food and the most commonly encountered corn tissue in the guts of D. virgifera adults after pollination ends) throughout the post-test interval and continued to feed and deposit feces during that time.
We believe the length of the Cry3Bb1 protein detection interval is not caused by inordinately slow gut passage rates for ÔYieldGard RootwormÕ corn silks. Rather, we hypothesize that some liquid components and very small particles of silk tissue containing Cry3Bb1 protein lag behind the main mass of ingested material during digestion. A similar phenomenon called countercurrent ßows (where gut contents within the peritrophic membrane move posteriorly, while ßuid containing partially digested food material moves anteriorly between the peritrophic membrane and the gut wall; Dow 1981) has been described in Schistocerca gregaria. The presence of trailing material in the D. virgifera gut could generate a prolonged period of Cry3Bb1 protein detection well after the bulk of the ingested tissue would have been observed in the voided feces.
Cry3Bb1 Protein Detection Field Study
Detection of transgenic plant tissues in the bodies of mobile insect herbivores represents a novel application of biotechnology to the study of insect movement. As described here, transgenic tissue detection is functionally similar to elemental marking techniques Þrst proposed by Berry et al. (1972) that use Rubidium (Rb) or other trace elements (Hagler and Jackson 2001) . In the case of Rb, a solution enriched with the elemental marker (RbCl) is applied to plant surfaces and/or the soil. Because Rb is chemically similar to the metabolically active element potassium (K), it is readily absorbed by the plant tissues at low levels and translocated, where it may be consumed by herbivores and substituted for K in the animal systems (Prasifka et al. 2001) . Unless additional Rb is consumed, the Rb concentration in the insects will gradually return to background levels as it is replaced by K over a period of days to weeks, depending on the insect species and life stage (Shepard and Waddill 1976 , Wolfenbarger et al. 1982 , Fleischer et al. 1986 , Fleischer and Kirk 1994 , Woods and Streett 1996 , Rhodes et al. 1998 , Prasifka et al. 2001 . In an aquatic environment, treatment of lake water with RbCl resulted in marked insects even 1 yr after treatment (Payne and Dunley 2002) . The relatively slow Rb concentration decline in marked insects is useful to study dispersal occurring over relatively long periods.
Like elemental marking, transgenic tissue detection also depends on establishing an increased local abundance of a distinctive marker (i.e., a transgenic protein expressed in plant tissue) at concentrations far above the natural background abundance. Just as with Rb, herbivores feeding on transgenic plants ingest amounts of transgenic protein that make them distinguishable from individuals that have not eaten transgenic tissues. Unlike elemental markers, the transgenic Cry3Bb1 protein passes through the digestive system and is voided in the feces. Detection of Cry3Bb1 protein in a D. virgifera adult indicates recent transgenic tissue consumption. The short postfeeding detection interval is advantageous for studying dispersal from a transgenic source occurring on a short time scale. Because insects are marked as they feed, both elemental marking and the transgenic tissue detection method avoid the potentially traumatizing capture, handling, and marking process that is necessary as part of mark-recapture techniques.
The process of marker detection in sample insects is different for elemental versus transgenic tissue marking. Preparation of insects for elemental marker detection typically involves drying of the sample insects and digestion (with nitric acid) before Rb concentration analyses using atomic absorption spectrophotometry. According to Hagler and Jackson (2001) , ". . . the detection of elements as insect markers can be difÞcult, expensive and time-consuming . . . and requires technical expertise and expensive detection equipment." Detection of Cry3Bb1 protein is simpliÞed by the availability of simple colorimetric test strips that report the presence of the Cry3Bb1 protein in aqueous solution within 10 min. The only signiÞcant preparation required is pulverization of the insect in buffer solution before insertion of the test strip at room temperature. Processing and testing for Cry3Bb1 protein is fast. Several insects may be prepared and tested each minute at a Þnal per insect cost of less than $1.00.
Insects are customarily judged as positive for an elemental marker if the concentration in the insect exceeds the mean background level ϩ3 SD (Stimmann 1974) . Other than in a ÔYieldGard RootwormÕ corn hybrid, D. virgifera will not encounter another signiÞcant source of Cry3Bb1 protein in the environment. Although very sensitive to Cry3Bb1 protein, the detection data obtained with the gene check strips are strictly qualitative (quantitative measurement of Cry3Bb1 protein presence is now commercially available using ELISA plates). However, knowledge of Cry3Bb1 concentrations for individual beetles is of little use unless time budgets for D. virgifera feeding in corn can be related to likelihood of movement. At present, it is not possible to know whether Cry3Bb1-positive individuals collected at the same location had recently eaten a small amount of ÔYieldGard RootwormÕ tissue or if they had last eaten a large amount of the same tissue many hours before their collection. Within this limitation, use of a qualitative test will still identify an insect that ingested Cry3Bb1 protein before moving a known distance and allow estimation of movement rate when a detection interval is known.
The relatively short Cry3Bb1 protein detection interval is on a time scale similar to the D. virgifera daily period of intra-and interÞeld movement activity (Isard et al. 2000) . With reasonable certainty, it can be assumed that most individuals testing positive for Cry3Bb1 protein have consumed Cry3Bb1-expressing tissues within the previous ϳ24 h. The longer (daysto-weeks) detection intervals for elemental markers are not as well suited for evaluating dispersal over short time intervals, especially if movements are repeated (such as daily WCR movement between corn and soybean Þelds). The potential for movements to be repeated within the detection interval reduces the resolution on movement if a marker with a multiple day detection interval is continuously available in the Þeld.
The availability of a continuously renewing source of speciÞcally marked insects leaving a transgenic corn plot presents interesting opportunities to measure and compare beetle movement patterns between days. The relatively short time window for Cry3Bb1 protein detection is helpful because it allows the inßuence of day scale changes in conditions that affect movement (e.g., temperature, precipitation, and windspeed; Isard et al. 1999) to be compared. In the speciÞc case of the diel interÞeld movement of rotation-resistant D. virgifera (which move between corn and soybean Þelds to lay eggs and feed in both locations), a measurement method that can be tied to feeding in cornÞelds links two relevant aspects of the D. virgifera adaptation to crop rotation: movement and herbivory.
The estimates of adult D. virgifera movement rates presented here are based on the assumption that a Cry3Bb1 corn-fed insect is detectable for 16 Ð32 h after feeding on Cry3Bb1 corn. The assumption that all of the observed displacement away from ÔYieldGard RootwormÕ corn occurred over 16 Ð32 h makes the rate estimates conservative, because some of the captured insects will have been moving for Ͻ16 h since they last consumed ÔYieldGard RootwormÕ tissues. Also, because non-Cry3Bb1 corn was never located more than four plots (24 rows) from a ÔYieldGard RootwormÕ plot and because there were no soybeans to sample beyond 64 rows from ÔYieldGard RootwormÕ, the maximum observable movement rates in corn and soybean were 13.9 Ð27.4 and 36.5Ð73.0 m/d, respectively. Similarity between the proportion of Cry3Bb1 protein positive beetles ßying between and over corn plots (22%) and the proportion of Cry3Bb1 corn in the study area (17%) suggests consumption of Cry3Bb1 tissues does not bias the likelihood of local ßight. These data also imply that the airborne population initiated ßight at the site, because the presence of additional beetles moving through the site from upwind cornÞelds would have reduced the proportion of Cry3Bb1-positive individuals in the ßying insect sample. Also, because ÔYieldGard RootwormÕ corn strips were contiguous with a greater number of nontransgenic corn strips at the same phenological stage, it is unlikely that any D.virgifera adults would remain exclusively in ÔYield-Gard RootwormÕ corn. The potential for chronic effects of Cry3Bb1 protein on D.virgifera behavior seem remote under these conditions.
The signiÞcantly greater proportion of Cry3Bb1-positive males versus females in the soybean Þeld collection could mean that ÔYieldGard RootwormÕ corn-feeding males are more likely to leave corn than females. However, because there was no difference in the proportion of Cry3Bb1-positive males in corn plots or any sex-based difference in detection distance, we suggest that this is not the explanation. Rather, we postulate that female D. virgifera that left corn plots and entered the soybean Þeld are more likely to feed on soybean foliage than males. Dissection and visual inspection of the gut contents (under 100ϫ magniÞ-cation) from D. virgifera collected from area soybean Þelds in 1998 revealed that a greater proportion of females had soybean tissue in their gut contents (P ϭ 0.5248, n ϭ 3022) than males (P ϭ 0.4316, n ϭ 621; J.L.S. unpublished data). Based on our observations (Fig. 2) , reduced male feeding activity in soybean Þelds would slow the rate at which previously ingested Cry3Bb1 tissues were pushed out of their digestive systems. Lower probabilities of soybean foliage feeding by males could keep them Cry3Bb1 protein-positive for longer than 16 Ð32 h and lead to an overestimate of their movement rate through soybean Þelds.
The range of measured cornÞeld movement rates (4.6 Ð9.1 to 18.3Ð36.6 m/d) fall broadly into the Coats et al. (1987) Levine (1990) during the 1999 and 2000 Þeld seasons, respectively (J.L.S., unpublished data). Higher movement rate ranges for D. virgifera in the soybean Þeld (4.6 Ð9.1 to 36.5Ð73.0 m/d) compared with the cornÞeld plots (4.6 Ð9.1 to 18.3Ð36.6 m/d) were expected based on laboratory wind tunnel observations that indicate ßight progress is slower through corn than above a soybean canopy . The similarity between our results and previous estimates if D. virgifera movement rates lead us to conclude that use of a transgenic tissue marker, acquired while feeding, does not substantially alter results based on previous studies of insects bearing applied markers.
Even with modest insect populations, the increased probability of detecting a transgenic tissue-marked insect represents a great increase in efÞciency over what can be expected using typical marking techniques. For instance, standard ßuorescent powder mark-recapture methods (Oloumi-Sadeghi and Levine 1990) were used to mark and release 13,090 D. virgifera adults in a 4-acre cornÞeld during 2000 (J.L.S., unpublished data). Of the 8,497 beetles later caught within a 76-m-diameter circular array of 40 vial traps centered on the release point, only 9 marked individuals (0.106%) were recovered. Using transgenic tissue detection to assay the collected beetles, 109 of the 737 (14.79%) insects caught in soybean Þeld sweep samples and 60 of the 800 (7.5%) insects collected in cornÞeld plots adjacent to ÔYieldGard RootwormÕ plots tested positive for Cry3Bb1 protein; these results represent 140 and 71 folds increases in the proportion of the sampled population that was marked.
The likelihood of detecting Cry3Bb1-positive D. virgifera outside of isolated ÔYieldGard RootwormÕ corn plots indicates that gene expression tests can be used as a tool to estimate rates of beetle movement away from transgenic corn. Application of this methodology presents exciting opportunities to study dispersal and behavior of other insect herbivores. Insect herbivores that consume detectable amounts transgenic plant tissue (whether it contains Cry3Bb1 protein, a different protein expressed in a transgenic plant, or any uniquely detectable component of an insectÕs host plant or even artiÞcial diet) could potentially be tracked using this method. As the number of available transgenic cultivars for crop species (i.e., corn, soybean, and cotton) grows, it may become possible to select a Bt cultivar (for which a speciÞc gene expression test is available) that is harmless to an herbivore of interest. This could be of particular value in assessing the impact of a transgenic variety on the movement/dispersal of nontarget herbivores (and the predators that consume them) or simply as a method to study insect movement near a transgenic crop.
Although narrow row-strip refuges may intuitively seem to be called for based on the modest movement rate estimates reported here, a recent of model of D. virgifera adaptation to transgenic corn (Onstad et al. 2001) suggests that a row-strip refuge conÞguration may actually result in faster adaptation to transgenic corn compared with a refuge block design if the refuge is located in the same place year-after-year. In the Onstad et al. (2001) model, the assumed advantage of increased mixing between susceptible and resistant phenotypes was offset by increased selection for resistance caused by a greater likelihood of oviposition in a transgenic corn row-strip compared with block refuges. Additional monitoring of D. virgifera movement within and between Þelds is necessary, especially as continuous corn-based models are adapted for a rotated corn landscape where the presence of rotation-resistant D. virgifera results in signiÞcant oviposition in corn, soybean, and other crops in rotation with corn.
Because interpretation of the results assumes the source of the ingested marker is geographically remote from other sources of the material, the eventual widespread Þeld deployment of a particular transgenic plant variety places a limitation on this herbivore tracking method. Some adoption of the technology would not necessarily prevent its use as a marker if the herbivore had limited local dispersal abilities. For instance, locating a small plot of a transgenic variety within a larger nontransgenic Þeld would allow a researcher to isolate the source from which movement was reckoned. The ability to exploit small plots in this fashion is particularly desirable when the total acres that may be planted with the transgenic variety is restricted by the experimental use permit and/or a limited seed supply. Ultimately, the mobility of the herbivore in question would determine when it is no longer reasonable to assume that a particular source of transgenic tissue is isolated.
Even after widespread adoption of a transgenic variety, the use of the speciÞc expression test may be useful to gauge the predicted exchange of individuals in and out of mandated refuge areas by comparing the proportions of individuals testing positive for the transgenic product in both locations. Developing thresholds based on use of gene expression tests as a way to monitor proportions of moving insects could alert researchers when assumptions about insect movement between crop and refuge are not being met.
